We evaluated the impact on personal exposure to air pollutants of following advice which typically accompanies air quality advisories and indices. Scripts prescribed the time, location, duration and nature of activities intended to simulate daily activity patterns for adults and children. Scripts were paired such that one individual would proceed with usual activities (base scenario), whereas the other (intervention scenario) would alter activities as if following advice. Other than commuting, where the intervention group walked or used public transportation rather than riding in personal vehicles, this group generally spent less time outdoors. Ultra-fine particles (UFPs), particulate matter of median aerodynamic diameter less than 2.5 mm (PM 2.5 ) and total volatile organic compounds (VOCs) were measured using samplers carried by individuals during the course of daily activities. During daytime activities (e.g., work, daycare) constituting the largest share of sampling time (approximately 6 h per day), the intervention group experienced a 14% reduction in exposure to UFPs (P ¼ 0.01), a 21% reduction in exposure to PM 2.5 (P ¼ 0.08), and an 86% increase in exposure to VOCs (P ¼ 0.02). Other findings included an 89% increase in exposure to UFPs (P ¼ 0.02) and a threefold increase in exposure to VOCs (P ¼ 0.08) in the intervention group during evening cooking. Following smog advisory advice results in reduced exposures to some pollutants, while at the same time increasing exposure to others. Advice needs to be refined giving consideration to overall personal exposure.
Introduction
Air quality advisories and air quality index systems are generally accompanied by advice on how to reduce exposure as levels of air pollution increase (US Environmental Protection Agency, 2006) . The basis for this advice comes primarily from expert opinion rather than empirical data. Advice commonly falls into two categories: advice on ways of reducing individual exposure to pollutants (e.g., staying indoors or reducing strenuous outdoor activity); and advice on ways individuals can reduce their contribution to air pollution (e.g., walking or taking public transit instead of driving). While numerous studies have evaluated concentrations of air pollutants indoors, outdoors, in vehicles and in other specific microenvironments, in this study, we directly evaluated the impact on personal exposure of following the type of advice which accompanies air quality advisories and indices. The purpose of the study was to examine how compliance with common advice alters exposure to selected air pollutants.
Methods

Scripted Activities
Scripts were developed prescribing the time, location, duration and nature of activities to be carried out. These were intended to simulate a variety of common daily activity patterns for adults and children. The duration of each activity was based on time activity data (Leech et al., 2002) and an earlier scripted activity study (Chang et al., 2000) . Scripts extended the duration of some short duration activities in order that samplers could be run long enough to represent a meaningful average exposure. Scripts were paired such that one individual would proceed with usual activities (base scenario), while the other (intervention scenario) would alter activities as if following typical smog advisory advice such as spending more time indoors or not driving. Daily activities were divided into morning commute, morning activity (e.g., at work, at daycare), lunch, afternoon activity (at work, at daycare), evening commute, evening cooking and evening activity. A morning routine preceded all other activities and did not differ between the base and intervention groups. It served as a common baseline for both groups. The scenarios reflected a wide range in microenvironments and hence typical exposure levels.
Air Monitoring
All monitoring was conducted in downtown Toronto between June and August 2004. Ultra-fine particles (UFPs), particulate matter of median aerodynamic diameter less than 2.5 mm (PM 2.5 ) and total volatile organic compounds (VOCs) were measured respectively using Model 8525 P-trak s (TSI Inc., Shoreview, MN, USA), Model 8520 Dusttrakt (TSI Inc., Shoreview, MN, USA) and Model PGM 7240 ppbRAE s (RAE Systems Inc., San Jose, CA, USA) samplers. Personal exposure to ozone was also measured using a Model 202 Ozone Monitor s (2B Technologies Inc., Boulder, CO, USA), but problems were encountered with poor agreement between colocated samplers, and so these measurements were abandoned. P-traks were calibrated against a Condensation Nucleus Counter (CNC s ) Model 3020 (TSI Inc., Shoreview, MN, USA) in the laboratory. The ratio of P-trak to CNC values was 0.84. This is comparable to findings reported elsewhere for indoor measurements, although much lower ratios were observed for outdoor measurements near traffic (Zhu et al., 2006) . Our two P-trak monitors were highly correlated with each other (R 2 ¼ 0.93 for colocated field measurements). Dust-traks were calibrated against a Tapered Element Oscillating Microbalance (TEOM s ) Series 1400a Ambient Particulate (PM 2.5 ) Monitor (Thermo Electron Corporation, Waltham, MA, USA) in the laboratory. The ratio of dust-trak to TEOM values was 2.32. We are aware that TEOM instruments exhibit a downward bias relative to filter-based methods in winter months, in relation to the removal of semi-volatiles such as ammonium nitrate by the samplers. However, our calibration measurements were restricted to summer conditions when TEOMs generally agree closely with filter-based methods. In any case TEOM instruments currently constitute the primary instrument for continuous PM measurement in Canada's National Air Pollution Surveillance system. Our two dust-trak monitors were also highly correlated with each other (R 2 ¼ 0.83 for colocated field measurements). The ppbRAEs were zeroed and calibrated using a standard gas (C 4 H 8 ). When colocated in the field, the two monitors exhibited a poor correlation (R 2 ¼ 0.19), which is probably attributable to their high sensitivity to localized sources. In the laboratory, the two monitors exhibited a much higher correlation (R 2 ¼ 0.65). Research assistants carried personal monitoring equipment in a backpack when they were mobile, and set the samplers on flat surfaces when they remained in a fixed location for an extended period. Information on traffic volume, the number of people present and other pertinent information were recorded in diary form on each sampling day. One paired set of measurements (base and intervention scripts) was collected per day.
Analysis
The samplers provided measurements of pollutants at 10-s intervals. These values were averaged over the period corresponding to each type of activity, and log transformed. Differences between base and intervention exposures were evaluated by period for each base/intervention pair using paired t-tests. In addition to examining differences between base and intervention exposures for each activity, observations for similar activities (morning and evening commute; morning, afternoon and evening activity) were pooled to increase the effective sample size. Differences between base and intervention exposures over an entire day were not examined because differences for individual activities were expected to occur in opposite directions, obscuring the meaning of differences in overall exposure.
As a sensitivity analysis, mixed models with repeated measures (Littell et al., 1998) were employed to analyze the data for all periods simultaneously, estimating main effect coefficients for each type of activity and base vs. intervention group, as well as interaction effects between type of activity and base vs. intervention group (the latter being the equivalent of the paired t-tests analysis). A random effect term was also added to capture residual random variability between subjects. The covariance structure was specified as spatial power, to account for the unequal time spacing between activities, which precluded the use of an autoregressive (1) covariance structure. Compound symmetry covariance structure was not considered appropriate, since this assumes all activities are equally correlated. The estimation procedure would not converge when the covariance structure was specified as unstructured due to the large number of parameter estimates. Least-squares estimates of the mean differences between base and intervention groups, and their statistical significance, were computed.
Results
Descriptive information pertaining to base and intervention scripts is presented in Table 1 . Other than commuting, where the intervention group walked or used public transportation rather than riding in personal vehicles, this group generally spent less time outdoors. Daytime activities accounted for the Impact of protective advice on air pollution exposure Stieb et al.
largest amount of time, approximately 6 h. The duration of each of the other activities was approximately 1 h. Commuting by car, public transit and on foot occurred on a variety of routes. Adults' morning and afternoon activities generally occurred in air-conditioned office environments, while daycare settings for children were also generally air-conditioned. In some instances meal preparation took place in the daycare.
Activities at home occurred in a mixture of conditions with and without air conditioning and with windows open vs. closed. Evening cooking involved differing methods including broiling/baking/boiling/frying with and without the use of an exhaust fan.
Comparisons of base and intervention exposures for UFPs are shown in Table 2 . A 13.7% decrease in exposure was seen during the combined morning, afternoon and evening activities, which was statistically significant based on both a paired t-test and mixed model. An 88.5% increase in exposure for the base vs. intervention group was observed for evening cooking, which was also statistically significant based on both methods. An illustrative example of paired base and intervention exposures over the course of a day is shown in Figure 1 , highlighting reduced exposures indoors during daytime activities and an obvious peak during cooking. In this example, the scripted activities were based on a child attending daycare. Results for fine particles are shown in Table 3 . A 21.0% decrease in exposure comparing intervention vs. base scenarios was observed during the combined morning, afternoon and evening activities (Pr0.1 based on both analytical approaches). A 38.7% increase in exposure was seen in the intervention group in relation to morning and evening commute, but this was not statistically significant based on either a paired t-test or a mixed model. A large increase in exposure was seen during the lunch activity, but there was considerable variability, particularly in exposures in the intervention group, and the increase was not significant. An illustrative example of paired base and intervention exposures is shown in Figure 2 . Increases in exposure associated with walking during morning and evening commutes are readily apparent. The scripted activities in this example were also based on a child attending daycare.
With respect to VOCs (Table 4 ) a significant reduction in exposure (60.6%) in the intervention vs. base group was observed for the morning commute, and an increase in exposure (85.6%) was seen in relation to the combination of morning, afternoon and evening activity. A large increase in exposure was also observed during evening cooking, which was highly significant based on a mixed model. An illustrative example of paired base and intervention exposures is shown in Figure 3 . Reduced exposures during commuting and increased exposures during daytime activities indoors are highlighted. Again in this example, scripted activities were based on a child attending daycare.
For all three pollutants, similar results were obtained when differences in maximum concentrations were examined. In mixed models, three-way interactions between activity, base vs. intervention and child vs. adult activities were not significant, suggesting that differences between base and intervention exposures were not significantly different for child vs. adult activities.
Discussion
We have observed mixed impacts on exposure to selected air pollutants in relation to following typical advice associated with smog advisories.
Valid results were obtained for ultra-fine and fine particulate matter and VOCs. Ozone monitors did not function adequately for use in our study. However, given that there are generally no indoor sources of ozone, we would expect that reducing time outdoors would significantly reduce exposure to this pollutant. In an earlier study in Toronto, mean summer daytime indoor concentrations of ozone measured in homes and workplaces were approximately half those recorded outdoors (12-h averages of 7.1-10.0 vs. 19.1 p.p.b.). Differences were larger in the winter (7-day averages of 0.7-1.6 vs. 15.4 p.p.b.; Liu et al., 1995) .
Sizable increases in exposure to UFPs were observed in the intervention group in relation to evening cooking. This is consistent with other literature, which identifies microenvironments such as food courts as well as cooking activities as important sources of exposure to these pollutants (Chang et al., 2000; Levy et al., 2002) . It is well documented in a variety of settings that reduced exposures to ambient source particulate matter are observed indoors (Wilson, Mage and Grant, 2000; Hanninen et al., 2005; Wallace and Williams, 2005) . The health significance of these changes in exposure, that is, the relative toxicity of outdoor vs. indoor source particulate matter, remains to be evaluated. Along these lines, Ebelt et al. (2005) reported that estimated ambient source particulate matter was associated with decreased lung function, decreased systolic blood pressure, increased heart rate and increased supraventricular ectopic heartbeats in a Impact of protective advice on air pollution exposure Stieb et al.
panel study of patients with chronic obstructive pulmonary disease. Estimated non-ambient exposures were not associated with health outcomes. Our finding of increased exposure to VOCs during daily activities is consistent with observations that indoor concentrations of many VOCs in homes are higher than those outdoors (Adgate et al., 2004; Weisel, 2005) , particularly for those VOCs that originate from consumer products. We are not aware of information on typical concentrations in childcare settings, but in one study concentrations in schools were lower than those in homes (Adgate et al., 2004) . Understanding the health significance of the increases in exposure observed in the present study would require further evaluation with speciation of VOCs.
Not surprisingly, we found that spending less time in personal vehicles and opting for walking or public transportation resulted in increased exposure to fine particulate matter, and reduced exposure to VOCs. The latter finding is consistent with earlier observations of increased exposures to VOCs including benzene, toluene, ethyl benzene and xylenes in vehicles (Chang et al., 2000) . Hanninen et al. (2006) found that exposures to ultra-fine particulate matter were approximately 15% higher for children walking vs. being driven to school, even though concentrations measured on walking routes were lower than on roads used by cars. These findings are probably heavily dependent on specific driving vs. walking routes and the mix of vehicles in the fleet.
Sample size requirements were originally estimated based on 80% power to detect a 25 % difference between base and intervention groups, using observations from a pilot study where the ratio of the standard deviation of measurements to a 25% difference therein was approximately 0.6. We observed considerably more variability than this in the difference between base and intervention exposures, which resulted in limited statistical power for a number of hypothesis tests. Based on our current data, sample sizes of 50 to 100 paired activities would be necessary. Results using paired t-tests were generally consistent with those using a mixed models approach, although the latter approach tended to be somewhat more sensitive. Although we collected data on exposure modifying factors such as presence of air conditioning in buildings and vehicles, level of traffic during commutes and type of cooking and use of exhaust fans during cooking, our sample size was not sufficient to attempt to adjust for these factors in the analysis. An additional limitation of this study is that we conducted multiple hypothesis tests, increasing the probability of a type 1 error. We recommend treating the pooled results for commuting and morning/afternoon/evening activities as the primary outcomes and interpreting results for individual activities with caution. While we evaluated changes in exposure in relation to changes in microenvironments, we did not estimate changes in dose, which would be expected to occur if individuals reduce the intensity of physical activity. In simulating children's activities, we did not situate monitoring equipment at a child's breathing height, but rather at the adult research assistant's height.
Despite our observations of mixed impacts of following typical advice related to smog advisories and air quality indices, several other broad public health considerations need to be borne in mind. For many adults working indoors, there may be relatively little discretionary time when they are able to reduce strenuous outdoor activity, such as during lunch breaks or evening activities. Children, on the other hand, spend more time outdoors than adults being physically active, and there may be greater potential for reducing exposure. Recent Canadian data revealed that during the summer children spent on average 3.5 h per day outdoors vs. 2.5 h for adults and 50 min vs. 90 min in vehicles (Leech et al., 2002) . Differences would be expected to be greater restricting the analysis to working adults and weekdays. Recent analyses have indicated that housing characteristics such as air conditioning reduce risks of morbidity and mortality associated with outdoor air pollution (Levy et al., 2000 (Levy et al., , 2005 Janssen et al., 2002) , suggesting that this type of environment is in fact protective. In addition, in some instances, advice to reduce the intensity and duration of outdoor physical activity is warranted both in relation to extreme heat and smog, which often coincide. On the other hand, potentially adverse impacts from disrupting physical activity and social engagement opportunities need to be considered when providing public health advice of this kind. Finally, making the outdoor environment more hospitable to active modes of transportation, such as walking and cycling, could reduce the potential for exposure to outdoor air pollution and at the same time increase the likelihood of physical activity, thus potentially contributing to a reduced prevalence of obesity and improved cardiovascular health. One approach is to provide advice which is more temporally and spatially specific, that is, which identifies particular times of day, or locations, where exposures are likely to be less (Campbell et al., 2005) .
Conclusions
Following smog advisory advice intended to reduce exposure or emissions contributing to outdoor air pollution results in reduced exposures to some pollutants while at the same time increasing exposure to others. This suggests that these types of messages need to be refined giving consideration to an individual's overall personal exposure, and bearing in mind broader public health considerations such as protection from concurrent exposure to heat and smog, and promotion of physical activity.
